The continuity through the past 300 million years of key tropical sediment types, namely coals, evaporites, reefs and carbonates, is examined. Physical controls for their geographical distributions are related to the Hadley cell circulation, and its effects on rainfall and ocean circulation. Climate modelling studies are reviewed in this context, as are biogeographical studies of key fossil groups. Low-latitude peats and coals represent everwet climates related to the Intertropical Convergence Zone near the Equator, as well as coastal diurnal rainfall systems elsewhere in the tropics and subtropics. The incidence of tropical coals and rainforests through time is variable, being least common during the interval of Pangean monsoonal climates. Evaporites represent the descending limbs of the Hadley cells and are centred at 10°to 40°north and south in latitudes that today show an excess of evaporation over precipitation. These deposits coincide with the deserts as well as seasonally rainy climates, and their latitudinal ranges seem to have been relatively constant through time. Reefs also can be related to the Hadley circulation. They thrive within the regions of clear water associated with broad areas of downwelling which are displaced toward the western portions of tropical oceans. These dynamic features are ultimately driven by the subtropical high-pressure cells which are the surface signature of the subsiding branches of the Hadley circulation. Carbonates occupy the same areas, but extend into higher latitudes in regions where terrestrial surface gradients are low and clastic runoff from the land is minimal. We argue that the palaeo-latitudinal record of all these climate-sensitive sediment types is broadly similar to their environments and latitudes of formation today, implying that dynamic effects of atmospheric and oceanic circulation control their distribution, rather than temperature gradients that would expand or contract through time.
The tropics are usually de®ned as the regions between, or near, the north and south Tropics of Cancer and Capricorn at 23.5°from the equator, an area that constitutes about 40% of the Earth's surface. At the same time, the¯oras and faunas characteristic of the tropics are not constrained to this zone and, indeed, they also extend to temperate latitudes in limited parts of the world. During certain times in the geological past, these poleward excursions seem to have been more extreme, while at other times biomes we commonly refer to as`tropical', such as the rainforest, were limited or absent in the tropics. Geologists are thus faced with a real conundrum in identifying the tropics through the past because it is tempting to de®ne these zones using fossils.
The archetypal tropical biome is the rainforest because it is the most diverse and productive¯ora of the terrestrial realm, yet covers only one-third of the tropical land area today (Morley 2000) . While they tend to be centred on the equator, rainforest¯oras may also extend along coasts beyond the tropics to 30°( e.g. southern Brazil; Negrelle 2002) . The record latitude for a`tropical rainforest' of the geological past is 50°during the Paleocene±Eocene transition of North America (Wolfe 1985) . In fact, Wolfe included a world map showing this biome extending across the equator to similar temperate latitudes in the southern hemisphere, encompassing about 75% of the land surface. Morley (2000) provided a more realistic view by inserting the subtropical desert belts on his maps and rede®ning the rainforests poleward of the deserts as`Boreotropical' and`Southern Megathermal'. Another re®nement would be to subdivide the vegetated zones into`seasonally dry' and`everwet'. In the marine realm the reef is the archetypal tropical biome because of the extraordinary diversity of invertebrates, calcareous-secreting algae and ®sh. However, reefs are generally absent from the eastern sides of oceans where cooler waters and upwelling conditions favour surface dwelling communities. Some of the highest recorded coral diversities are outside the orbitally de®ned tropics today (Rosen 1988) , and reefs are developed at 32.5°N (Bermuda) and 31.5°S (Lord Howe Island) . It is generally assumed that reefs are restricted to temperatures of 18°±20°C, and that they should be expected at higher latitudes during warm periods of the past. Ziegler et al. (1984) argued that this expectation is not met in the geological record, and theorized that latitudinal limits of light refraction and penetration to the sea¯oor restrict these bottom-dwelling organisms. Photosynthesis is important to these communities because of the symbiotic zooxanthellae of reef-building corals and the role of calcareous-secreting algae in sediment production. In our view, claims of high latitude fossil coral reefs may be based on records from continental plates with poor palaeomagnetic control, or from areas like Japan that have a long history of accretion of oceanic islands (Kobayashi 1999) .
A concept of low-latitude atmospheric circulation and its effect on oceanic currents is essential in de®ning the tropics. The dual Hadley cells dominate this zone and somewhat beyond, with ascending limbs near the equator, providing much of the precipitation for the rainforests, and descending limbs in the subtropics, resulting in the desert zones and their associated evaporite deposits (Parrish 1998, p. 3) . The Hadley cells are most consistent over the oceans where the latitude of the descending limbs averages 35°in the summer and 30°in the winter, while over land they are poleward and well developed only in the winter. Since the desert belts typically are quite wide, up to 20°of latitude, they encroach on the tropics, and serve to divide¯oras and faunas of the tropics and the temperate zones. An exception to this is along the east-facing margins of continents, such as Middle America and China, where warm moisture-producing currents and onshore winds provide abundant rainfall.
The Hadley circulation has been a stable feature throughout the Phanerozoic, judging by a number of studies on the palaeolatitudes of evaporite deposits (Gordon 1975; Ziegler et al. 1981; Parrish et al. 1982) . The Hadley cells are driven by the concentration of solar heating in lower latitudes, but the poleward limbs are determined by the Coriolis Effect (Barry & Chorley 1998, p. 129) . Thus, upper level winds moving away from the equator are de¯ected to the east by the rotation of the Earth and never reach latitudes much above 35°, where they descend, contribute to surface winds back toward the equator, and complete the cell. An interesting question is whether the Earth's more rapid rotational rates in the geological past (Kagan 1997) would have signi®cantly affected the latitudinal limits of the Hadley cells. However, a general circulation model study has shown very little in¯uence on latitudinal effects even for Precambrian rotation rates (Jenkins 1996 ) and Earth's rotation in the late Palaeozoic, the starting point of our study, was just 4% faster than today (Williams 1989) .
Approach used in this paper
We begin this paper with present-day comparisons of peat bogs with rainforest patterns, of evaporite deposits with desert belts, and of reefs and carbonate deposits with temperature and ocean circulation patterns. We attempt to isolate the controlling factors for these tropical-type deposits and then to examine their patterns on 16 stage-length palaeogeographical maps ranging from the Early Permian to the Mid Miocene. The objective is to examine both the continuity and the variability of the tropics through nearly 300 million years, ranging from`icehouse' to`greenhouse' climates and back again. Palaeogeographical mapping for this time span is fairly well established, so that palaeolatitudinal determinations are probably accurate to about 5°. Deposits associated with small terranes or accretionary prisms have been left off the maps if their original position is uncertain.
The lithofacies data used in this paper were assembled from thousands of primary and secondary literature sources. An attempt was made to provide uniform coverage of the world for selected stagelength intervals, with an average duration of about six million years. The certainty with which a given formation can be assigned to the nearest stage is variable, but the rate at which plates move with respect to latitude is slow, so the data provide reasonably accurate`snapshots' of the climate zones for each interval. The following climate indicators have been chosen to give the most comprehensive view of the tropical climate, although each is subject to speci®c biases. The coals of the past are biased toward the lowland depositional sites, while upland peats are well known from the present world and may occur on mountainsides in deserts if orographic precipitation occurs regularly. We include coals of tropical as well as temperate latitudes, but the difference is generally clear on the maps because the intervening desert zones provide a wide separation in most regions. The evaporites are less easy to correlate because they tend to be unfossiliferous and, again, there is a bias toward coastal settings in the geological record. Reefs are indicative of a tropical climate, but there is a problem with the reef data because carbonate build-ups tend to form at the outer margin of the continental shelves or on oceanic islands. The islands are typically trans-ported thousands of kilometres and subducted or incorporated in accretionary prisms, while the shelf margins subside and may escape notice unless penetrated by drilling, or brought to the surface tectonically. Perhaps fewer than 10% of fossil reefs have been sampled in the geological record, and some of the bestknown examples occur in mountain belts. Our carbonate data are limited to sections that contain more than 50% carbonate beds as integrated over the stage interval. Finally, the carbonate data for the two Permian intervals have not been assembled systematically, so this aspect of our coverage is not as representative as that of later times.
We compare the climate-sensitive sediment patterns with predictions made in general circulation model studies; these are available for some stages of each of the last six geological periods. The modelling studies range in style and completeness, but the maps that are useful to our study are listed, together with their references, in Appendix 1. Ideally, a climate model study should incorporate a fully coupled ocean circulation model because of the many feedbacks between atmosphere and ocean, but this is just becoming the state of the art, and most of the papers listed use a static ocean in their models. Also, a number of the model studies do not employ comparisons with geological data so, in effect, they have yet to be tested. One source of model/data mismatch can result from the input palaeogeography. Local effects such as mountain ranges can have a disproportionate effect on atmospheric circulation and palaeo-elevations of such features are dif®cult to determine. In general, the model output is seen to conform to the geological data and, when this test is passed, a more complete picture emerges.
Finally, we incorporate within the text information from fossil¯oras and faunas that re¯ect on the climate of the tropics and subtropics. Especially useful is a new summary on the evolution of tropical rainforests as deduced from palynology, and a review of macrooras and climate-sensitive sediments (Morley 2000) . Also, a major new summary of fossil reefs through time has just appeared and provides much information on the distribution, biotic structure and composition of carbonate build-ups (Kiessling et al. 2002) . Additionally, we refer to studies that employ biogeographical distributions and diversity data to infer temperature gradients and tropical current systems. Particularly useful in this connection are worldwide treatments that include control points plotted on reconstructed basemaps, thus permitting latitudinal limits to be established. Ideally, quantitative treatments that integrate across the diverse marine phyla would be desirable, but these do not exist even for the Recent! The tropics today North±south trending continents and oceans uniquely divide the present-day world such that tropical¯oras and faunas are isolated in three terrestrial and two marine regions, the Paci®c and Indian Oceans still being connected across shallow straits. The three rainforest¯oras are biogeographically distinct at the generic level (Morley 2000) , re¯ecting geographical separation by wide oceans and/or broad deserts since the early Tertiary. Barriers to migration of marine organisms are much more recent; Pliocene in the case of the Isthmus of Panama (Coates et al. 1992; Pindell et al. 1988) and Late Miocene in the case of the Arabian Peninsula (Rogl & Steininger 1984) . In effect, the present world offers several examples of each of the terrestrial and marine tropics, while much of the 300 Ma of the geological past covered in this paper had just one land area, Pangea, and one major ocean, Panthalassa, with a westward extension in the form of Tethys. The widths and con®gurations of the tropical landmasses and oceans are variable, and this is re¯ected in the impact of important atmospheric and oceanic effects such as precipitation, seasonality, temperature and upwelling. So, despite being atypical of the geological past in some ways, the present world affords examples of the various geographical con®gurations that have parallels in the past.
Many terrestrial climate classi®cations are available for the present, but the one that is most applicable to the past is Walter (1985) . In this scheme the world is divided into just nine biomes based on the annual precipitation and temperature patterns determined from a survey of about 8,000 meteorological stations. The approach was duplicated using a digital database of 13,000 ground-based stations and tested with a satellite-derived vegetation index (Lottes & Ziegler 1994) . These parameters were framed in terms of the number of months that temperatures and precipitation were suf®cient for plant growth, in keeping with Walter's methodology, and excellent comparisons were obtained. This biome scheme has been applied to the Permian (Ziegler 1990; and the Jurassic (Rees et al. 2000) . The tropical biomes are de®ned on precipitation since temperature is suf®cient for plant growth throughout the annual cycle. The evergreen tropical rainforest biome is essentially everwet with monthly precipitation exceeding 40 mm for more than 10 months each year, while the tropical deciduous forest or savanna biome ranges from 4 to 10 months of monthly rainfall in excess of 40 mm . The subtropical desert biome has less precipitation, of course, and may extend to less than 12°latitude in the case of the Sahara and even to the equator in east Africa, so is quite relevant to a discussion of the tropical regions.
A parallel climate classi®cation of marine environments has been developed, based on water mass characteristics . Four subdivisions are relevant to the tropics, and these are based on temperature, salinity and productivity parameters relevant to marine organisms. The`average tropical' water mass category is by far the most extensive and is de®ned by temperatures of 20°C and above. The`wet tropical' and`dry subtropical' water mass subdivisions are based on salinities below 32% and above 37%, respectively, and are mainly coastal effects re¯ective of adjacent continental climates. The distribution of these water masses is limited today, but suitable settings were much more abundant in the geological past when epeiric seas intruded into continental interiors. Finally,`cool subtropical' water masses are due to upwelling and dominate along west-facing coasts, extending in some cases to within a few degrees of the equator. These currents impact the coastal climate because the cool conditions suppress evaporation as well as precipitation. The water mass boundaries may move during the seasons, but at any time may be quite distinct because of density differences due to thermohaline effects. This contrasts with continental climate boundaries, which are typically gradational and, therefore, more dif®cult to map.
Controls on terrestrial biomes and sediments: wet climate settings
Tropical rainforests contain the highest diversity communities on Earth, with 120 to 250 tree species in a local plot (0.1 hectare; Morley 2000, p. 14) . The extent of the modern tropical rainforest, prior to human in¯uence, has been determined by Collins (1990;  Fig. 1 herein) . There are three biogeographically distinct areas, listed in order of decreasing rainforest cover and diversity, namely South and Central America, southeast Asia through New Guinea, and central Africa (Morley 2000, p. 8) . Thus, Africa, the largest tropical continent, is the least well endowed with this biome, probably because the moisture sources are restricted by the generally high elevations and vast expanse of the continent. In addition, the upwelling-induced desert associated with the Somalia Current (Ittekot et al. 1992) terminates the rainforest on the east. The rest of equatorial Africa is dominated by the Intertropical Convergence Zone (ITCZ), a belt of rainfall up to 2000 km wide that moves north and south with the seasons (Ziegler et al. 1987) , and the rainforests simply depend on the seasonal overlap of the ITCZ where the precipitation is continuous through the annual cycle. Climate model results show wider latitudinal excursions of the ITCZ in the interval 6,000 to 11,000 years ago, during the phase of the Milankovitch cycle when northern hemisphere seasonality was enhanced (Kutzbach et al. 1998) . This resulted in an expansion of the seasonally wet savanna zone at the expense of both the rainforests and the deserts. This model result has implications for thè greenhouse' world when, we believe, seasonality was enhanced by the sheer size of the tropical landmass and when rainforests appear to have been rare or nonexistent.
The South American rainforests are the most extensive of all due to the low, basinal setting of the Amazon region and the concave-eastward Andean mountains that serve to stall the moisture-laden easterlies. The ITCZ dominates along the equator, but other important rain-producing systems include the orographic and the diurnal land-sea breeze systems that gain moisture from the warm currents along the east-facing coasts of Brazil and Central America (Gyllenhaal et al. 1991) . So, while the rainforests associated with the ITCZ are restricted to within 10°of the equator, the montane rainforests and coastal swamps range to 30°south and nearly 25°north. The same variety of precipitation systems is present in southeast Asia, but this is an ocean-dominated system with large islands and peninsulas ranging from India and South China to Java and northeast Australia. The great equatorial coal swamps of the late Palaeozoic, discussed later, must have shared much in common with this tectonic and geographical setting.
Coal deposits have been used as an indicator of rainforests of the past and while most present-day tropical peats fall within the mapped rainforests, the distribution of peat swamps within this biome is uneven (Fig. 1) . This may re¯ect a sampling problem; peat has little value as a commodity in the tropics, and equatorial swamps are dif®cult and unpleasant places to work. Another problem is that the peats may have formed in mangrove swamps, which, by their nature, derive moisture from seawater, not rainfall. Indeed, mangroves extend into regions beyond the rainforests, occupying bays and river mouths along many tropical and subtropical coasts except in areas adjacent to cool upwelling currents (Tomlinson 1986, p. 41) . Mangrove communities seem to be more luxuriant in humid climates where the nutrient supply is better (Kathiresan & Bingham 2001) and mangrove peats are best developed in areas with the highest rainfall (Woodroffe 1992) . So there may be an indirect association of mangrove peats with rainforests and high precipitation continuity. Tropical peats are best known in southeast Asia. In Africa they seem to be Ziegler 1994 ) and areas over the oceans where evaporation exceeds precipitation (E > P, barbed line; calculated from data in da Silva et al. 1994 ).
restricted to a few mangrove settings along either coast or to upland cloud forests of the east African rift shoulders (Lottes & Ziegler 1994) . One might expect the Amazon Basin to contain more peat, but here the river levels¯uctuate up to 20 m on an annual basis, due to the asymmetry of the drainage network with respect to the Equator; the resulting alternate¯ooding and draining of the depressions is not favourable for organic accumulation or preservation (Ziegler et al. 1987) .
Controls on terrestrial biomes and sediments: dry climate settings
The desert areas on our map (Fig. 1) are based simply on a lack of vegetation or, more precisely, as areas with detectable vegetation for two or fewer months a year, as determined by satellite measurements of the vegetation index (Lottes & Ziegler 1994) . It is dif®cult to specify the precipitation characteristics of deserts so de®ned, but the advantage of using the satellite data is that the shapes and positions of the deserts are accurately portrayed. The deserts of the world are due to one or more causes (Chandler 1994) , the most important being the presence of subsiding or stabilized air masses associated with the descending limbs of the Hadley cells, a feature common to all the great subtropical continents. Second, continentality isolates interior regions from moisture sources; the best example of this is the great deserts of central Asia. Third, orography can present rain shadows on the lee sides of topographic relief; the Great Basin of western North America and the Patagonian Desert of Argentina serve as prime examples. Finally, coastal upwelling, especially along west-facing coasts, depresses evaporation and stabilizes air masses, reducing convective rainfall. In reality, two or more of these factors probably reinforce each other in many deserts and serve to expand the desert area. The effects of upwelling tend to be in the lowest latitude, while continentality and orographic effects are observed at higher latitudes, at least in today's world. Most of the inland evaporite deposits occur within the desert belts as de®ned, although it must be mentioned that due to erosion evaporites of the continental interiors are not as well represented in the geological record as their marine counterparts.
Also shown in Fig. 1 are the zones over the oceans where evaporation exceeds precipitation; this map was prepared by simply comparing data sets of these two parameters (da Silva et al. 1994) . Theoretically the coastlines adjacent to areas of high evaporation would encompass the modern coastal evaporite deposits, although some of these coasts do not contain evaporites and still others include abundant peat deposits. The lack of evaporites where they might be expected is due, we believe, simply to the lack of broad continental shelves with low gradients and suitably restricted evaporating basins. Thus, the largest evaporite basin today is the Kara Bogaz Gulf on the east margin of the Caspian Sea (Valyashko, 1972) which is about 150 km across, while evaporite basins of the past may have had surface areas up to 25 times as great. Some authors have been tempted to regard geological periods with broad evaporite basins (e.g. the Permian or Triassic) as being exceptionally dry intervals, but this may be a bias imposed by the presence of epeiric seaways within subtropical latitudes.
The occurrence of peats within the high evaporation zone is observed along eastern seaboards like the United States and southeast Brazil, both areas of warm currents and high evaporation. In these regions, there is diurnal alternation of temperature regimes such that the land is warmer during the day and draws rain showers that result in coastal swamps. During the night the reverse is the case, but the net effect is for precipitation to exceed evaporation over land and vice versa. We point out that evaporites are forming in the Bahamas today concurrently with peats along the colatitudinal Florida Coast. Admittedly, the Bahamian lagoons are small, but in the past, with shelf zones up to 1,000 km wide, evaporites may have formed offshore while peats were deposited in coastal swamps, a situation that is known in the Jurassic±Cretaceous of Algeria (see below). So, we feel that the evaporation zones shown in Fig. 1 , using simply the excess of evaporation over precipitation, are relevant to an understanding of evaporite deposits in the geological past. Of course, the freshening effects of surface runoff will be found along such coasts, but again, given wide shelves, evaporation should prevail in the outer shelf regions.
Controls on marine biomes and sediments
Coral reefs are the focus of attention in the marine tropics because they are the centres of maximum biotic diversity with 50 to 70 hermatypic coral genera across broad regions of the Indo-Paci®c province; in contrast, Caribbean reefs typically have under 20 genera (Veron 1993; Fig. 2 herein) . Some 34 hypotheses have been proposed over the years (Veron 1995) , many of them involving dispersion or vicariance events, to account for modern coral distribution. Here we concentrate on factors that limit coral reef development, which include temperature, shallowwater habitat availability and light penetration to the sea¯oor. Temperature (Fraser & Currie 1996) has always been popular because reefs seem to be limited LETHAIA 36 (2003) Tracing the tropics across land and seaby the 18±20°C minimum isotherm and by the fact that calcium carbonate precipitation is enhanced by warmer temperatures. The problem with temperature as the only limiting factor is that many of the world's west-facing coasts are suf®ciently warm, but devoid of reefs, so dispersal arguments are usually advanced to account for this shortcoming (Veron 1995) . Shallowwater habitat shows a positive correlation with coral diversity (Bellwood & Hughes 2001), but since the corals control their own habitat to a large extent, this argument has a circular element. Without coral growth, many Paci®c atolls would subside below the photic zone, as a result of thermal contraction of the oceanic lithosphere. Light penetration to the bottom is a function of the zenith angle of the sun and the limits of light refraction to the sea¯oor, and this varies from a latitude of about 35°in the winter to near the pole in the summer (Ziegler et al. 1984) .
Since corals are ®xed to the bottom, they are limited to the latitudes where the potential for light refraction occurs throughout the annual cycle. Further limitations on light penetration are imposed by the clarity of the water, which is lacking in upwelling zones (due to high surface productivity) and in areas of high clastic runoff. We maintain that the clarity of sea water is essential for coral growth because photosynthesis is critical in reef-building corals due to their symbiotic relationship with zooxanthellae and, also, in the productivity of calcareous-secreting algae that are important sediment producers in carbonate systems. New satellite-derived data sets are available to examine the ocean surface characteristics that correlate with reef growth. The Topex/Poseidon satellite (da Silva et al. 1994) has yielded data on dynamic sea surface height, which varies by just a few metres over the world's oceans. However, the upwelling zones are clearly marked as depressed zones along the eastern boundary currents, as are the mid-ocean upwelling systems, both along the equator and above 40°in the higher latitudes. The intervening broadly elevated areas are centred at about 20°north and south, and displaced toward the west sides of the oceans. Thus, they occupy the same latitudinal belts as the subtropical high-pressure zones and are ultimately related to the Hadley cells. The height of the bulge is proportional to the width of the ocean, so the Paci®c's bulge is well over a metre above average and the Atlantic's is about half that value. These are the areas of downwelling; their shapes ®t the distribution of the modern reefs very well ( Fig. 2) and their heights correlate with the degree of coral diversity (Rosen 1988) . Another useful satellitederived data set relates to the colour of the ocean as determined by the SeaWiFS Project (2002) . This is a measure of surface productivity and demonstrates that the reefs are limited to areas of lowest chlorophyll concentration in the surface waters.
The strongest limiting factor for reefs and coral diversity may be upwelling, which brings cold nutrient-rich water to the surface, encouraging productivity in pelagic communities but suppressing the`carbonate machine'. The surface water column productivity inhibits light passage and can also overwhelm the bottom with organic-rich mud capable of consuming the available oxygen in its decay. Ironically, the lowest latitudes have fewer reefs because of the dual effect of equatorial upwelling in some areas as well as the high rainfall and surface runoff from adjacent land along the ITCZ in other areas. In fact, Cretaceous reefs of the Paci®c Plate became drowned sequentially in the order they were transported across the equator (Jenkyns & Wilson 1999) , due, we assume, to equatorial upwelling. Fortunately, past upwelling zones have been modelled by a number of workers (Appendix 1) and it is also possible to model dynamic sea surface height (Kim & Crowley 2000) .
In summary, the tropical continents and oceans vary in size and shape, and in¯uence the local climate in various ways that may, in turn, be examined for clues to the impact of the atmospheric and oceanic circulation during the changing con®gurations of the geological past. In the following sections we examine the patterns of the climate-sensitive sediments through geological time from the Permian to the tertiary (Figs 3±10). We make reference to the most recent climate modelling studies and include ancillary information from fossil plant and animal distributions to expand the climate interpretations as they apply to the tropical and subtropical latitudes.
The Permian tropics
Permian palaeogeography represents an advanced stage in the formation of Pangea with the megacontinent spanning the tropics and extending to high northern and southern latitudes (Fig. 3; Ziegler et al. 1997) . The near-equatorial Appalachian collision of northern and southern continents was completed within the Permian, while a number of south Asian microcontinents were moving northward through the tropics in Tethys. Pangea had a narrow`waist', 5000 km wide at the equator, so the equatorial portion of the Panthalassan Ocean was 35,000 km wide, including the Tethys, which was partially enclosed by the south Asian microcontinents. The Tethyan margins have been subsequently deformed tectonically, so the exact con®guration of the ocean is unknown, but most of it was between 40°north and south. Most tropical faunas of the period were found within the LETHAIA 36 (2003) Tracing the tropics across land and sea Tethys (Jin & Shang 1997) , which must have experienced warm currents, similar to the modern Gulf Stream, in view of its position along the eastern margin of Pangea. On the west side of Pangea, tropical faunas are con®ned to a narrow equatorial belt, extending from west Texas to Peru (Mei & Henderson 2001) , as might be expected from modern parallels. Another tropical marine area is observed along the margins of the Uralian foredeep, but connections to the Tethys were severed during the Early Permian and the area moved into the temperate zone (Ziegler et al. 1997) .
A linked set of atmospheric and oceanic modelling studies has recently been completed for Early and Mid Permian time intervals. The atmospheric study compared model precipitation with coal and evaporite deposits, and matched model wind directions with upwelling locations and aeolianite transport directions. The salient feature of Permian climate is the monsoonal circulation over Pangea leading to large seasonality and high aridity in the continental interiors. The model was also tested against¯oral distribution patterns based on over 100 sites around the world for each time interval . The model results were used to make biome prediction maps, based on the parameters controlling modern biomes (Walter 1985) , and these were then compared with the biomes determined from the fossil record (Rees et al. 2000) . Both model and data-based approaches indicate a well-developed Equator-to-Pole temperature gradient. The ocean modelling study (Winguth et al. 2002) includes a variety of maps, including temperature, salinity and upwelling for the Mid Permian interval. These parameters were used to generate an ocean water mass prediction map, which may be compared with the equivalent map reconstructed from climate-sensitive sediments . The salient feature of the tropical Permian oceans is the east-to-west asymmetry, with warmer currents extending to higher latitudes along the Tethyan Seaway margin of Pangea.
Terrestrial biomes and sediments
Contrasting climate patterns may be inferred over the tropical landmasses of the Permian based on fossil oras, coal deposits ( Fig. 3) and model results. Pangea was dry and monsoonal while the North and South China microcontinents were perpetually wet with rainforests . This contrast developed during the Early Permian with the withdrawal of broad epeiric seas from the midcontinental U.S.A. and northern Europe. So, the moisture sources for the Carboniferous coal swamps were removed thousands of kilometres to the west and east, leaving savanna-like communities in the Permian . The Cathaysian province of south Asian regions became the locus of rainforest development and was associated with partially¯ooded microcontinents set in a warm Tethyan Sea, similar to the situation in southeast Asia today. We note that the coals of North China extend nearly to 30°north and model results indicate that these should be regarded as deposits of the tropical rainforest .
Evaporite deposits are zonally distributed across Pangea and range up to 35°north in the western U.S.A., Europe and the Russian Platform, and up to 35°south in the Amazon and Arabian Basins. Most of these broad depositional basins seem to have had marine source waters, and they are set in deserts that must have played a signi®cant role in differentiating terrestrial¯oras biogeographically into Angaran, Cathaysian and Gondwanan Realms (Ziegler 1990) . We note that the Angaran and Gondwanan¯oras of the north and south temperate zones, respectively, are associated with coal deposits, so the evaporite belts serve to demarcate the tropical rainy zone from the temperate counterparts. The Permian is sometimes characterized as an exceptionally dry period because of the extensive evaporite deposits. However, the biome arrangement is similar to that of today and, in our view, the record is biased as a result of the fact that broad epeiric basins, particularly in Europe and the U.S.A., were situated in the subtropical latitudes.
Marine biomes and sediments
Reefs from selected stages of the Lower and Middle Permian are shown in Figure 4 while reef maps for all nine Permian stages are included in . Excluded from these maps are reefs from accretionary zones, such as Japan and western North America, because the provenance of oceanic islands and smaller terranes is dif®cult to ascertain (but see Kobayashi 1999) . Belasky (1994) used coral diversity patterns to estimate the location of some of the larger terranes on the assumption that Permian longitudinal diversity gradients were similar to those of today. His statistical approach would seemingly apply no matter what physical or biological models one might assume were in control. Even though the exact location of the terranes is unknown, we can say that island`stepping stones' were available in the Paci®c then, as today, for migrations of tropical species. Our maps show reef concentrations in northern Tethys in the Early Permian and southern Tethys in the Mid Permian, re¯ecting the gradual northward motion of Pangaea and hence the seaway, and the fact that cold air out¯ow of glaciers dominated the climate of the southern hemisphere in the Early Permian (Ziegler et al. 1997) . Elsewhere, reefs were well developed in the western U.S.A., including the famous El Capitan reef of Texas, along a narrow equatorial zone during Early and Mid Permian times. Also, reefs lined the Uralian trough in the Early Permian before this basin moved to higher latitudes. Further details on reef distribution, composition and regional variation are included in Wahlman (2002) and Weidlich (2002) .
A number of quantitative studies are available on the worldwide distributions of various marine invertebrates in the Permian, and these all show patterns relevant to the tropical water masses mentioned above. Belasky (1994) grouped lists of coral genera from throughout the Permian into Early and Late (retrospectively Mid) Permian. Latitudinal and longitudinal diversity gradients are apparent, with diversity centres in the South China platform sea, a pattern that is broadly similar to the present day. The corals occupy more sites than the reefs, but it should be mentioned that corals were not the major reef builders of the Permian (Wahlman 2002; Weidlich 2002) . Fusulinid distributions parallel the corals, and, like the corals, were mainly restricted to the tropical carbonate platforms and probably had symbiotic algae (Ross 1995; Kobayashi 1999) . Conodonts have been used to trace warm and cool water masses, and are not known from the polar zones (Mei & Henderson 2001) . Finally, brachiopods occur throughout the shelf regions of the world, but tropical provinces are well differentiated from the higher latitude faunas (Shi & Archbold 1993; Jin & Shang 1997) . These biogeographical studies help to con®rm that latitudinal temperature gradients were well established in the Permian, to judge by the number of provinces de®ned.
The Triassic tropics
Pangea moved about 10°northward during the Triassic, a trend that continued the motion begun in the Permian, so that the landmass was symmetric with respect to the equator by the Late Triassic (Fig.  3) . The Tethyan microcontinents also moved northward, but at a faster pace, and began to impact with northern Asia before the end of the period (Metcalfe 1994) . By this time these Chinese and Indochinese elements formed the northern margin of the tropical seaway, but their interior regions experienced a transition to continental conditions, characterized by temperate zone¯oras and coals (Ziegler et al. 1996) . Pangea was mostly assembled by the Late Triassic, when the initial rifts appeared that would evolve into the sea-¯oor spreading of the central Atlantic by the Mid Jurassic (Manspeizer 1994 ). Thus, the greatest level of continentality the Phanerozoic world has seen was achieved in the Late Triassic. The Tethyan seaway was more latitudinally con®ned than in the Permian, reaching from about 30°south to 30°north, so it remained well within the tropics and subtropics.
A`megamonsoonal' climate has been assumed for Pangea in view of the fact that land masses shaped like today's Eurasia are present in both the northern and southern hemispheres (Parrish 1993) . A climate modelling study bears out this prediction, and includes experiments for the Early and Late Triassic (Wilson et al. 1994) . Climate-sensitive sediments and various elements of the terrestrial fauna are included as a test of the model runs, and correlate reasonably well, with the exception of higher latitudes, where model annual temperature ranges were found to be too high. Winguth et al. (2002) showed, in an ocean model experiment for the Mid Permian, that warm currents would be de¯ected poleward by the Pangean con®guration and would warm the polar regions by as much as 16°C. We note that Pangea, from the Mid Permian through the Triassic, extended almost from pole to pole, but the same is true of the Panthalassan Ocean, while in today's world oceanic heat transport is effectively limited to lower latitudes because of the presence of landmasses at polar latitudes. We conclude that it is essential to employ fully coupled ocean-atmosphere models to attain suf®cient heat transport to high latitude settings. An evaporite basin model has been developed for the Triassic and tested with the present-day geography (Pollard & Schulz 1994) . It is driven by the general circulation model of Wilson et al. (1994) and the familiar bimodal dry zones, representing the descending limbs of the Hadley Cells, are apparent in the two Triassic simulations. However, the western equatorial Tethys is also indicated as dry and this is generally con®rmed by evaporite deposits, although improvements in the palaeogeographic maps would probably serve to increase the ®t of the data to the model results.
Terrestrial biomes and sediments
There is a`coal gap' in the Early to early Mid Triassic (Retallack et al. 1996) , so that the great coal swamps of the tropical and temperate zones of the Permian disappeared at or about the end of the period. The timing and synchroneity of this event are questionable unless it can be established that a worldwide extinction was responsible for the coal gap. has argued that the extinction of the peat-forming plants could have been due to regional effects, such as the passage of the Cathaysian basins out of the tropical rainy belt. The¯oras of these areas show an obvious and gradual transition to more xerophytic forms, and become similar to their European co-latitudinal contemporaries (Wang 1993) . By the Late Triassic, coals were abundant in the temperate zones, but rare along the equator (Fig. 3) . Of course, one would not expect tropical coal swamps if the only available lowlatitude land area was subject to the megamonsoon. One coal site that is near the palaeo-equator is located in the southeastern U.S.A. It formed in one of the rift basins that can be traced into eastern Canada and Greenland, and which have counterparts in northeast Africa and western Europe. These basins continue north to the temperate zone, and contain evaporites, playa deposits and aeolianites in the zone from 10°to 30°N (Olsen & Kent 2000) . The coals near the equator must have derived their precipitation from the ITCZ, but there is insuf®cient evidence for the rainforest biome at this time. Also near the equator, but on the opposite side of Pangea, coals occur in marginal marine deposits of northwest Mexico (Zambrano Garcia & Weber 1985) . The relatively diverse¯ora from these deposits could represent a rainforest and its presence here is consistent with the general circulation model prediction (Wilson et al. 1994) , that precipitation is present during extremes of the annual cycle. In other words, the effect of the monsoon is minimal here, but the latitudinal swings of the ITCZ increase progressively toward the east, especially over the Tethys. Also, cold upwelling conditions would be expected north and south of Mexico, and the cool air masses associated with these would help to dampen the seasonal excursion of the ITCZ along the western margin of the continent.
Triassic evaporites are extensive in the western U.S.A., northeast Africa and Europe in the northern hemisphere, and the Arabian Peninsula and Madagascar in the southern hemisphere (Fig. 3) . The evaporites form a broad belt around the western margin of Tethys, and are nearly continuous from 30°o r 40°north and south depending on the time interval considered. The aridity of this trans-equatorial belt is reinforced by the vegetation as reconstructed from the palynology (Visscher & van der Zwan 1981) . The traditional explanation is that the monsoonal winds blew parallel with the coast, without any onshore component, a situation pertaining to Somalia today. The evaporite basin model achieves good results for the Late Triassic, but fails in the case of the Early Triassic; we agree that the model would bene®t by better small-scale topography and an ocean dynamics system (Pollard & Schulz 1994) . For descriptions of the sediments and biota that have been used to reconstruct the seasonal climates of the continental interiors, see Dubiel et al. (1991) for the western United States, and Holz & Scherer (2000) for Brazil and other Gondwanan sections.
Marine biomes and sediments
There is a`reef gap' in the Early Triassic, in parallel with the coal gap of the terrestrial realm. Early Triassic build-ups are limited to domal and planar stromatolites, and thrombolite beds under 20 m thick (Flu Ègel 2002) and are not included on our map (Fig. 4) . However, carbonate environments were present in the Early Triassic Tethyan and western American tropical and subtropical shelf regions. Reefs increased in numbers, size, diversity and latitudinal range from the Mid to Late Triassic, when they occurred throughout Tethys, and along the west coasts of North and South America (Flu Ègel 2002) . The high latitude carbonates on our Late Triassic map were associated with the Omolon Terrane and probably represent a condensed sequence formed in the absence of clastic sediment dilution. This terrane has moved relative to Siberia, but the amount is probably relatively minor (Ziegler et al. 1997) .
Biogeographical studies centred on Tethys may be used to trace ocean currents and their in¯uence on the tropical invertebrates. Yin (1985) , working with Early Triassic bivalves, found a latitudinal diversity gradient with a central axis along the equatorial zone, from the Alps to South China, and a well-developed provinciality re¯ecting tropical Tethyan af®nities with transitional and cool water conditions in either hemisphere. Tollmann & Kristan-Tollmann (1985) stressed the similarities between the Tethyan and western North American tropical crinoids and foraminiferans of the Late Triassic, and theorized that equatorial easterly currents might have transported larvae of American forms toward Tethys. They also mentioned the role of suspect terranes' in providing island stepping stones to facilitate faunal and¯oral dispersal.
The Jurassic tropics
The rifting of Pangea began during the Jurassic with the opening of two northeast-trending oceans, the central Atlantic and the west Indian oceans (Figs 5, 6 ). The three continental plates that resulted included the combined North America and Eurasia, which rotated clockwise during the Jurassic until the south coast was roughly parallel with the 30°line (Rees et al. 2000) , where it remained through the Cretaceous. During the rotation, temperate coals replaced the subtropical evaporites of the western U.S.A., while the reverse succession is observed in China. This is the effect of continental motions and not climate change, as some have interpreted. Between the two opening oceans, the combined African and South American continents occupied the tropics, with the widest portion spanning about 7,000 km along the equator, and the southern portion extending into the temperate zone. The other Gondwanan elements, mainly India, Madagascar, Australia and Antarctica, moved on a southward trajectory into the temperate zone where they remained through most of the Cretaceous. Tethys continued as a tropical ocean as de®ned by its northern and western shorelines, but it was less con®ned on the south because of the widening Indian Ocean.
A number of climate modelling studies are available for the Jurassic (Appendix 1). A simulation of Early Jurassic climate, representing the late Pangean con®g-uration, showed a wide monsoonal swing of the ITCZ over the eastern portion of Africa and the Tethys (Chandler et al. 1992) . Climate-sensitive sediments were used as a test in this study and good agreement was found, especially with the dominantly temperate latitude occurrence of coals. The Late Jurassic world experienced higher sea levels as well as opening oceans and has been modelled by a number of research teams. The Chevron group in California compared their model results with climate-sensitive sediments as well as ammonite and dinosaur distributions Ross et al. 1992; Moore & Ross 1994) . As might be expected, monsoonal effects were found to be reduced, but were still important over eastern Africa and eastern Asia. The Chevron group determined that the dinosaurs occur mainly in areas of limited precipitation associated with subtropical bands in both hemispheres. They also tested known ammonite distributions with predicted water mass variations in such factors as temperature and upwelling.
Other Late Jurassic climate model studies have been used to derive biome prediction maps for comparison with extensive data sets of fossil plant distributions (Rees et al. 2000) . The¯oral data show highest diversities in the temperate zones, while the tropics are sparsely represented in the¯oral record; the model results suggest that this is due to the higher seasonality of precipitation in the tropics. Finally, a new study modelling vegetation and its in¯uence on the carbon cycle is available and employs climate models of a number of time periods, including the Late Jurassic (Beerling & Woodward 2001) . Several types of maps were presented, including`net primary productivity', but the ones we will use in the following section to compare with the fossil and coal data are the`plant functional types' and the`soil carbon concentration' maps, respectively.
Terrestrial biomes and sediments
Early to Mid Jurassic equatorial coal (Fig. 5) is known from southern Mexico and adjacent parts of Central America (Kottlowski et al. 1978) . The rocks have been tectonized and the full-time range of the deposits is uncertain, but Middle Jurassic¯oras have been obtained there (e.g. Person & Delevoryas 1982) . We take the presence of coal to indicate everwet conditions, so this region may be a rare example of a Jurassic tropical rainforest. The setting along the western margin of Pangea is similar to the Late Triassic example mentioned earlier, except that it is about 1000 km to the south. Actually, the continent moved north while the rainy climates remained near the equator, which ®ts with the Early Jurassic climate model study of Chandler et al. (1992) . Synchronous with the opening of the central Atlantic in the Mid Jurassic, coals appeared in Algeria and these fall within a narrow zone of predicted peats that extends from the palaeo-equator in Colombia, east±northeast to Algeria (Sellwood et al. 2000) . Beerling & Woodward (2001, p. 173 ) used their climate modelling study to infer a zone of`evergreen broad-leaved' vegetation along this trend. Much of the Jurassic of Algeria is in the subsurface and little is known of the vegetation that formed the coal swamps. However, in Colombia a moderately diverse¯ora containing ferns, cycads and other elements has been recovered from carbonaceous sedimentary rocks (Lemoigne 1984) . Southeast of the Algerian coal basin, the Mid to Late Jurassic climate has been interpreted as humid, but with a seasonal cycle based on scattered fossil remains, paleosols and sedimentary structures (Lefranc & Guiraud 1990; Busson & Corne Âe 1991; Barale et al. 1998) . Elsewhere in the world, everwet climates are implied for southeast Asia by coals and model results (Beerling & Woodward 2001, p. 173) ; this is the one portion of the Asian landmass that was moving into the tropics.
Evaporites become increasingly widespread in the Jurassic, ranging from 30°north and south in the Early Jurassic to 40°north and south by the Late Jurassic. This, we believe, re¯ects the general transgression of the sea, and the increase in depositional sites in the form of opening oceans and widening continental shelves, rather than an increase in aridity. The tectonic and eustatic changes apparently in¯uenced the climate to become milder and more maritime, as landmasses became smaller and subdivided by epeiric seaways. It should be noted that evaporites occur seaward of, and even interbedded with, the coals of the Algerian basin (Busson 1970 ) and this transition is nearly 1,000 km wide, implying extremely low topographic gradients. Also implied are steady onshore easterly winds so that the moisture would be constantly evaporated over water and deposited over land, and such a prediction is contained in the modelling work . Another possible explanation for the interbedding of the wet and dry climate indicators is Milankovitch level¯uctuations, which would modu-late the relative seasonality of the precipitation (Olsen & Kent 2000) .
Marine biomes and sediments
Jurassic reefs were con®ned to 35°north and south, and shallow-water carbonates extended to slightly higher latitudes; these limits are similar to those found today (Fig. 6) . Unlike today, carbonates are found on the west side of the Americas extending to latitudes generally occupied by upwelling currents. The explanation may be that the seas transgressed well onto the continent in the case of the Sundance Sea of western U.S.A. or the Neuque Ân Basin of Argentina and were isolated from open ocean effects. The number of reefs increased during the Jurassic due to the new sites generated by the opening of the central Atlantic corridor, which directly connected the Tethys with the tropical east Paci®c. This expansion was paralleled by an increase in generic diversity and in reef type (Leinfelder et al. 2002) .
The water masses for the Late Jurassic have been reconstructed ) using a provincial level analysis of 47 ammonoid localities and the results of a climate model study. These authors inferred that boreal faunas were separated from Tethyan faunas by the 20°C isotherm, while ammonoids seem to be absent altogether in broad equatorial shelves extending from Arabia to southeast Asia, implying that there was an upper limit to the temperatures they could tolerate, perhaps 30°C. Cecca (1999) agreed that temperature was important, but concluded that the absence of ammonoids from the equatorial areas was simply due to the very shallow nature of the shelves and stressed that ammonoid diversity is generally much higher in`pelagic settings'. Ross et al. (1992) modelled upwelling zones for alternate seasons and showed that the majority of ammonoid localities fall in water masses with year-round upwelling currents, implying that surface productivity was generating their food resources.
The Cretaceous tropics
The palaeogeographic changes affecting the tropics during the Cretaceous involved mainly Africa and South America, which began drifting apart in the Early Cretaceous ( Figs 5±8) . However, the South Atlantic apparently did not become a signi®cant moisture source or a barrier to dispersal until late in the Cretaceous. During this transition, South America remained in approximately the same orientation while Africa rotated counter-clockwise to the north. The northern continents occupied the same latitudinal zone as in the Late Jurassic with their southern margin in the subtropics. Tethys, with its extension through the widening central Atlantic and Caribbean, was basically centred over the north tropical zone with a constriction between northwest Africa and the Iberian Peninsula. The remaining Gondwanan elements began rifting during the Early Cretaceous. The only continent crossing the south tropic was India, which had begun its northward excursion. The coverage of epeiric seas increased during the Cretaceous with channels across Africa and South America in the tropics, while the boreal ocean was connected to the Tethys across North America, Europe and west Siberia (Ziegler & Rowley 1998) . By these mechanisms, the palaeogeography was transformed into a world of small landmasses and widening seaways. Predictably, this maritime world would have had progressively dampened seasonality in terms of temperature and precipitation.
The Cretaceous has been a favourite target for climate modellers and only the more recent studies will be reviewed here. The main challenge has been to explain the equable temperatures at high latitudes indicated by fossil¯oras (Herman & Spicer, 1996) . Valdes et al. (1996) used mid Cretaceous maps with, and without, the epeiric Hudson Seaway across North America and found temperature increases of 16°C or more with the greater sea coverage. Temperature comparisons were also made between studies using different models, but with similar palaeogeographies. Considerable differences were found, leading the authors to conclude that more tests with the geological record are needed. Another test of marine boundary forcing compared two intervals within the midCretaceous, and found that increasing the size of the Western Interior Seaway and the central Atlantic led to a reduction of the equator-to-pole temperature gradient by as much as 15°C. A mid Cretaceous study with an oceanic focus is also available which uses à Parallel Ocean Climate Model' , one of a new generation of coupled atmosphere/ocean models. This study examined the effect of the opening South Atlantic and concluded that the relatively stagnant central Atlantic was progressively ventilated by thermohaline circulation in¯uences from the southern hemisphere. A coupled atmosphere-ocean model has also been applied to the Late Cretaceous (Bush & Philander 1997) , although this study is¯awed by the fact that the coastline was mistakenly shown at the shelf margin, so the epeiric seaways, which were especially extensive at that time, were ignored.
A number of vegetation modelling studies, based on general circulation model output, are available for the Cretaceous. Upchurch et al. (1999) and addressed the question of the effect of vegeta-tion on the Late Cretaceous climate. They showed that the forests of the high latitudes reduced the albedo and insulated the land surface, and so had a signi®cant effect on warming continental interiors and decreasing the equator-to-pole gradient. Of course, forests do not occupy the high latitudes today, so these studies help to understand polar warmth in the past. The Upchurch et al. (1999) 
Terrestrial biomes and sediments
Early Cretaceous coals are known from the palaeoequatorial zone of Peru (Figs 5, 7; Kottlowski et al. 1978) and presumably may represent the continuation of the west coast everwet zone of the Late Triassic through Mid Jurassic of Middle America. Also inherited from the Jurassic are the coals of Algeria, while the low-latitude everwet zone modelled for the Jurassic of Malaya and Tibet is represented by coal in the Early Cretaceous in a similar geographical setting. By the mid Cretaceous, dry or savanna-like vegetation has been interpreted across the tropics of Africa and South America, based on an impressive palynological sampling array (Dino et al. 1999) . Support for an increase in aridity, with pronounced seasonality in rainfall, comes from reviews of the sediments, soils and megafossils of the Saharan region (Lefranc & Guiraud 1990; Busson & Corne Âe 1991) . The vertebrate fauna included huge sauropods and crocodilians (Sereno et al. 1999 (Sereno et al. , 2001 Benton et al. 2000) , indicating open ground and a certain level of plant productivity, as well as continuously¯owing rivers. A few low-latitude peats are known in the midCretaceous of equatorial Africa, but in view of the many depositional sites along the Trans-Saharan seaway it seems likely that these represent local mangrove-type swamps rather than tropical rainforests. The factors driving the increased aridity probably include Africa rotating so that its maximum width was along the equator by the mid Cretaceous. In our view this would have caused wide excursions of the ITCZ and a lack of concentrated rainfall (Ziegler et al. 1987) . Also important is the fact that upwelling developed along the coast of Colombia and Venezuela throughout the mid Cretaceous to well into the Late Cretaceous (Vergara 1997; Villamil et al. 1999) , which would have inhibited precipitation in this area. Beerling & Woodward (2001) modelled evergreen forests in northwest South America and East Africa in the mid Cretaceous, but even this limited extent seems doubtful. The modern rainforests originated during the Late Cretaceous in a narrow equatorial band through Colombia, Nigeria and Somalia, to judge by the palynological record (Morley 2000, pp. 91±92) . The data/model study of Upchurch et al. (1999) provides the best biome map of the tropics.
Evaporite beds are widely distributed throughout the tropics and subtropics during the Cretaceous (Figs  5, 7) . This was due to the broad shelf and epeiric sea areas, as well as the opening South Atlantic. Another factor for this wide distribution may be the relative lack of everwet zones in the tropics, so the available precipitation was distributed widely and subjected to high evaporation.
Marine biomes and sediments
Carbonate deposits are abundant in the Cretaceous shelf and epeiric seas, extending to above 40°north and south, while reefs seem to be limited to 35°and are most abundant in the northern hemisphere (Figs 6, 8) . Further information on the distribution, composition and structure of Cretaceous reefs is contained in Ho È¯ing & Scott (2002) and Johnson et al. (2002) . High latitude reefs are included on their maps, but are based on`mud mounds',`siliceous sponge reefs' and non-rudist bivalves', rather than hermatypic structures. The details of reef distribution in Europe and North Africa through the Cretaceous have been used to demonstrate that their poleward limit was 30°n orth, so as this portion of Tethys moved northward the reef belt appears to be progressively restricted to southern Europe (Voigt et al. 1999) . They argued from climate modelling that the reefs were centred on the subtropical high in an area of arid climate, high salinity and nutrient-poor water, similar to their modern counterparts. The motion of the Paci®c plate has been reconstructed to show that Early Cretaceous reefs associated with seamounts were con®ned to the same southern latitudes as their northern hemisphere counterparts (Winterer 1991) . The locations of Cretaceous carbonate platforms are contained in a volume edited by Simo et al. (1993) .
The details of the various faunal elements of the tropical seas, the`Mesogean realm', have been reviewed, including the rudist bivalves, dasyclad algae and larger orbitolinid foraminiferans, as well as the colonial scleractinian corals and stromatoporoids (Masse 1992) . This high diversity,`photophilic' community is thought to have been restricted to warm shallow water subject to light penetration to the seā oor, while the presence of peloids, oolites and oncolites con®rms that this was a Bahamian-type environment. Some latitudinal control was also found in the ammonoids, although by the Late Cretaceous pandemic distributions of genera and many species point to the general breakdown of provinciality. This is attributed to the opening of many migratory pathways (Page 1996) . An exception to this was the Western Interior Seaway, as its distinctive faunas were re¯ective of latitude as well as water mass stringencies. Other Cretaceous groups that have been the subject of worldwide review include the benthic inoceramid bivalves (Dhondt 1992) and the mobile belemnites (Doyle 1992) , but these tend to be more common in higher latitudes.
The Tertiary tropics
The northern continents through the Tertiary remained positioned over the temperate zone with the southern margin parallel with the subtropics, and with southeast Asia projecting south to the Equator as before (Figs 9, 10 ). The Norwegian Sea, which had acted as a narrow rift during the Mesozoic, began to open, providing an oceanic gateway to the pole, while extensive¯ooding of central Europe and areas to the east persisted into the Miocene, though somewhat diminished. By the early Tertiary, South America had moved to the south so that Colombia straddled the equator, but in the late Tertiary it reversed its motion to achieve its present position. The Andes, which in¯uence precipitation in South America today, had begun major foreland thrusting about the mid Cretaceous and this progressed through the Tertiary in the central part of this mountain range (Jaillard 1994) . However, mountain building in Venezuela and adjacent parts of Colombia did not begin until as recently as the Late Miocene, so the northeast trending part of the arc is very young (Pindell & Tabbutt 1995) . Mid Miocene seas transgressed across Colombia to the upper Amazon Basin along an earlier trend of the Orinoco River, indicating that the modern drainage systems of the continent were established very recently (Hoorn et al. 1995) . Africa, India and Australia all moved northward during the Tertiary, with Africa becoming latitudinally symmetrical about the Equator by the Eocene. India moved from the southern to the northern tropics about the same time, while the arrival of Australia in the tropics was a late Tertiary event. The collision of India with Asia in the early Tertiary has had the most obvious tectonic effect of foreshortening the continental area as well as building the highest mountains in the modern world. However, the northward impingements of South America, Africa, and Australia have also profoundly modi®ed the geography by subdividing the world ocean into its present threefold subdivision in the late Tertiary.
Early Tertiary model studies are available that examine the atmosphere (Huber & Sloan 1999) , the oceans (Sloan & Huber 2001 ) and the effect on the atmosphere of changing boundary conditions such as topography and vegetation (Sewall et al. 2000) . The focus of these experiments was the Late Paleocene to Early Eocene, which is thought to represent the archetypal greenhouse interval with`tropical' forms such as palm trees up to 49°north and crocodilians at 71°in the Canadian Arctic (Greenwood & Wing 1995; Markwick 1998) . Early Tertiary vegetation has been reconstructed, based on a different atmospheric model (Beerling & Woodward 2001) , and it is interesting to compare this approach with the tropical vegetation as reconstructed from the palynological record (Morley 2000, p. 265) . Different terminologies are used, but, in effect, both studies ignore the transitional savanna biomes between the everwet or evergreen zone and the grassland or desert. Also, the sampling coverage is much less complete than for the Cretaceous, being limited to the margins of the larger continents of Africa and South America. Even so, many of the same areas are mapped as rainforest (= evergreen) in these two studies and these include an equatorial belt as well as the margins of the temperate belts in all of the northern and southern hemisphere continents. Where the model and the¯oral data interpretation differ is in the extent of these rainforest areas. The Morley (2000) interpretation shows up to three times as much vegetative coverage in the tropics compared to the Beerling & Woodward model (2001) . In our view, Morley's interpretation placed unreasonable expectations on the hydrological cycle.
Terrestrial biomes and sediments
Evidence for early Tertiary coals (Fig. 9 ) and rainforests is widely dispersed in the tropical and temperate zones, but the data control is limited to a few points in each region, so the total area covered is unknown. The most pervasive control comes from the palynological record and shows that megathermal forests evolved more or less independently in three latitudinal zones as separated by the two subtropical deserts (Morley 2000) . According to Morley, the north temperate rainforests are known from the United States and Western Europe, while the south temperate occurrences are found in southern South America and southern Australia. The temperate zone control points are mainly within the latitudinal bands from 40°to 50°n orth or south of the equator. The evidence for low latitude rainforests is restricted to 5°or 10°from the equator and is known from South America, Africa, India and Southeast Asia. Obviously, the mid-latitude rainforests must have experienced winters without persistent freezes, which would be understandable if the world lacked cold polar fronts. The vegetation model gives a relatively limited distribution of early Tertiary rainforests and is virtually inclusive of the areas of geological evidence (Beerling & Woodward 2001, p. 268) . By the Oligocene and Miocene, the rainforests seem to have retreated to their present-day regions of the tropics (Morley 2000) . An exception to this is eastern Africa, from Lake Victoria to the Western Rift (Andrews & van Couvering 1975) , which today is a desert related to the upwelling of the Somalia Current. Interestingly, the rainforests here have been dated as Early Miocene, compatible with the onset of upwelling in the Late Miocene (Prell & Kutzbach 1992) .
Tertiary deserts and related areas that contain evaporite deposits (Fig. 9 ) seem to be located in the same positions as today, although sampling is limited in large areas of the tropics and subtropics. An interesting area is the mid-latitude desert of Argentina, which today exists because of the rain shadow of the Andes and the relatively low degree of seasonality due to the damping effect of the oceans around this narrow continent. Here the evaporite record through the Tertiary implies the existence of signi®cant elevations in the southern Andes. Changes did affect northern South America, where an upwelling related desert has replaced the rainforests of the early Tertiary. We would attribute the beginning of the upwelling to the drift of this coast northward from the equator. Another area where change may be detected is in eastern China, which has experienced a wet climate only since the late Tertiary. Earlier evaporites could have formed in developing basins (Wang 1985) that were shielded from the coastal zone by marginal mountains.
Marine biomes and sediments
Carbonate environments were well developed during the early Tertiary and seem to have reached latitudes of about 50°in both hemispheres, especially in the Eocene (Fig. 10) . One of the best-known examples is the Great Australian Bight, which developed`nontropical shelf carbonate ' (Nelson 1988) at this time and has retained it during its northward motion through the temperate zone. The lesson here is that shell layers may form limestone beds along lowgradient land areas where terrigenous sediment dilution is negligible. The northern limit of carbonate deposition occurred in the epeiric and shelf seas of central Europe and the Mediterranean. Here the Eocene faunal elements have been plotted and the limit of the tropical forms determined by the extent of reef-building corals and rich nummulitic assemblages at about 40° (Popov et al. 2001) . The nummulitic facies is reminiscent of the fusulinids of the Late Palaeozoic as well as the orbitolinids of the Early Cretaceous, and may have played a photophilic role like their other large foraminiferal relatives. Worldwide maps of the larger foraminiferans have been compiled for a number of Tertiary intervals, and limits of about 40°l atitude are typical (Adams et al. 1990) . The distribution of reefs has also been the subject of a detailed review that contains information on the composition and structure of Tertiary reefs (Perrin 2002) .
The meridional barriers between the modern oceans are all late Tertiary effects, and these have been the subject of some interesting biogeographic studies that bear on timing and the consequences of these developments for the tropical oceans. The deep-water connections between the Indian and Atlantic oceans were terminated with the collision of the Arabian and Turkish regions in the Early Miocene. However, transgressions across the thrust-loaded basin here provided intermittent communication of`warm water' forms until the Late Miocene when the Mediterranean dried up altogether in the`Messinian Crisis' (Rogl & Steininger 1984) . The present Mediterranean occupies the same latitude as before, but it lacks reefs or extensive carbonate platforms, possibly a limitation imposed by the polar fronts that descend across Europe in the winter. Across the Atlantic, oceanic circulation remained between the Caribbean and Paci®c until the Mid Miocene, when a deep sill developed and a distinctive benthic foraminiferal province, related to the cold Californian current, is observed on the Paci®c side of Panama (Duque-Caro 1990) . This interpretation concludes with the formation of the land barrier by the Late Pliocene, but not until surface currents had been re-established in the Late Miocene. Today, the tropical reef environment is mainly restricted to the Caribbean side, although there are scattered reefs in the Gulf of California and the western coast of Middle America. This shelf is narrow and subject to upwelling, so it is not a favourable site for a carbonate environment. The barrier between Australia and southeast Asia has yet to be ®nalized, but it is shallow enough to interrupt much of the through ow of equatorial easterly currents. Planktonic foraminiferans have been used to trace the Paci®c currents and show that the full development of the modern subtropical gyres did not occur until the Late Miocene (Kennett et al. 1985) .
Summary
The goals of this paper have been to reassess the value of coals, evaporites, reefs and carbonates as indicators of tropical climates, and to document the record of these deposits through nearly 300 million years of Earth history. Admittedly the geological record of the tropics is patchy, especially for the continental interiors and the ocean basins, so a prime concern is the reliability of the data as plotted. In the following paragraphs we discuss pole-to-pole histograms that show the latitudinal frequency of the sediment types, present and past, and we mention some biases perceived in the data. Initially, we compare the present position of each of the sediment types with the summed data of the past, and then we examine the past distributions to detect any long-term trends. Obviously, the Hadley circulation dominates the tropical climate today, and we will examine the inuence it has on the patterns observed in the climatesensitive sediments.
Precipitation, as a function of latitude, may be examined in the pole-to-pole frequency diagrams of the peats and evaporites (Figs 11, 12) . First, there is an obvious bias toward the northern hemisphere because there are more depositional sites for the present, as well as the palaeogeographic history since the Jurassic. Despite this, the peaks representing modern temperate and tropical peats, together with the intervening subtropical evaporite peaks, are clearly seen and correlate well with the latitudinal balance of precipitation and evaporation today (Jaeger 1976) . The bimodal evaporite peaks of the past are displaced toward the equator by about 10°relative to today. This is an inherent bias due to the geological record being skewed toward the lowland coastal deposits, while the higher-latitude deserts typical of the continental interiors are less likely to be preserved. Present-day peats of the south temperate latitudes are truncated simply because the continents terminate between 35°a nd 55°south. Taking these factors into account the geological record as a whole provides a faithful record of the precipitation balance for coastal, or maritime, climates. For any given latitude, the evaporites and coals overlap, but on average the evaporites are seen to prevail in the range 10°to 40°and thus de®ne subtropical belts that con®ne the tropical rainy belt to a narrow zone along the Equator. As can be seen from the present-day map (Fig. 1) , there are many exceptions to the strict zonal pattern and we can certainly expect these variances to have occurred in the geological past.
The present and past reef and carbonate distributions are also plotted as a function of latitude (Figs 13, 14) and show some interesting patterns. Modern reef and carbonate plots are similar due simply to reefs being the most obvious element of the carbonate system, so that there is an inherent bias at the data assembly level. The modern reef histogram shows the well-known latitudinal limits near 30°, while a trough near the equator re¯ects the detrimental effects on the reef ecosystem of open ocean upwelling in some areas and coastal runoff related to the ITCZ in other areas. The number of modern reefs is high compared to the total for all 16 geological intervals combined and should provide a cautionary note concerning the reliability of the fossil record of reefs. Huge areas like the Paci®c Ocean today encompass vast reef tracts, yet the fate of past oceanic settings was to be subducted or deformed against continental margins, making the reef remnants dif®cult to interpret. Some authors have suggested that there was an asymmetry toward reef development in the northern hemisphere in the past, but the peak at 30°N is largely due to the accidental upthrusting along the Alpine zone and to the popularity of this area for ®eld studies. The latitudinal limit of fossil reefs is similar to today's, given the limits of accuracy of the palaeogeographic reconstructions. The carbonates in general extend to 50°in areas of low gradients and clastic runoff, and the northern hemisphere asymmetry of this curve is related to the broad epeiric seaways of Europe and adjacent Russia.
Conclusions
The latitudinal plots of the climate-sensitive sediments con®rm the dominance through time of the Hadley cells on tropical circulation patterns. The evaporite belts coincide with the latitudes occupied by the subtropical highs today and con®rm that they have remained in the same broad bands through long periods of geological time. The evaporites are directly tied to the hot dry conditions generated by the descending limbs of the Hadley cells. We ®nd that there are variations in the number of evaporite Fig. 12 . Latitudinal frequency of evaporites as summed by geological period from the Permian to the present. The data counts have been limited to one site per 5°l atitude and longitude quadrangle to minimize sampling bias and an adjustment has been made to account for the change in area of the quadrangles over the latitudinal range. Fig. 13 . Latitudinal frequency of reefs as summed by geological period from the Permian to the present. The data counts have been limited to one site per 5°latitude and longitude quadrangle to minimize sampling bias and an adjustment has been made to account for the change in area of the quadrangles over the latitudinal range. deposits through time, but relate this to the availability of epeiric and shelf sea basins within the subtropical latitudes broadly de®ned. Importantly, we observe that high evaporation may occur directly offshore from peat swamps today and we show that examples are seen along a number of east-facing coasts (Fig. 1) . Here, warm currents like the Gulf Stream or the Kiroshio Current provide the moisture and the diurnal rainfall effect results in rain on the adjacent coastal swamps. The signi®cance for the geological record is that evaporites may be deposited in close juxtaposition to coal swamps; the Mid Jurassic to Early Cretaceous record of the Algerian basin is a good example of this phenomenon. Again, a higher level of continental¯ooding, typical of the geological past, would favour this development. The presence of evaporite lagoons in the Bahamas to the windward of the Florida peat swamps seems to provide a modern analogue.
Reefs, like evaporites, form a low-latitude bimodal distribution, but with the peaks slightly closer to the equator. Again, the Hadley cell is implicated because precipitation and clastic runoff are detrimental to reef growth. More importantly, the subtropical highs drive the oceanic gyres, which have marginal upwelling, also unfavourable for reef growth, while the centres are characterized by clear water related to downwelling. The fact that the world's most diverse marine communities coincide with the least productive waters is called`the nutrient paradox' (Hallock & Schlager 1986 ). The explanation is that the key reef organisms depend on light for photosynthesis while abundant nutrients stimulate plankton growth, which in turn curtails water transparency. Primary producers occur on reefs, but the corals, benthic foraminiferans and other forms are`mixotrophs', that is, they harbour algal symbionts, and recycling of nutrients occurs between hosts and symbionts. The whole strategy of the reef in the ®rst place is to maintain a position within the photic zone so that light penetration is maximized. The best correlates to downwelling and to reef distribution are the dynamic sea highs (Fig. 2) because they show the characteristic displacement towards the western sides of the oceans. Most authorities stress temperature as controlling reef distribution and, while temperature maxima extend to higher latitudes on the western sides of oceans, the reefs, by this argument, should be well developed in a narrow band on the eastern sides of the oceans, but are not. Also, one would expect reefs to occur at signi®cantly higher latitudes at warmer times in the past, but we argue that the major hermatypic structures are con®ned to present limits. The modelling community could test the downwelling concept by generating maps showing sea surface highs and comparing the highs with the reef zones.
Tropical peats have had a much more varied distribution through time and apparently this is true of rainforests as well. The Permian Cathaysian province of China contains¯oras indicative of rainforests, including leaves with drip tips, vines with large leaves and wood lacking growth rings (Yao 1983; Li & Wu 1996) . Broadly speaking, these forms were descended from the Carboniferous coal swamp oras shared by China with Europe and North America. The assembly of Pangea and the withdrawal of its epeiric seas resulted in a continent with a profound monsoonal climate. So, the Euramerican rainforests were terminated in the Early Permian at the time their Cathaysian descendants were thriving far to the east of Pangea. Early Triassic swamp¯oras, tropical and temperate, are absent from the geological record, but Late Triassic through Mid Jurassic coals of Mexico formed under equatorial conditions and are potential rainforest candidates in a Pangean world. The monsoonal circulation was still active, but climate models show that the least seasonal areas in terms of precipitation were along the western margin of the supercontinent. As the central Atlantic Ocean opened, coals developed in Algeria from the Mid Jurassic into the earliest Cretaceous and climate modelling indicates that this zone continued along the southeastern margin of the opening ocean. Equatorial coals persisted through the Early Cretaceous in Peru and may represent a continuation of the system in Mexico (see above). In this scenario, the rainforests tracked the equator as the continent moved northward. Mid Cretaceous rainforests appear to be absent from the record and here the quality of the palynological record is complete enough to conclude that the entire tropical area of Africa and South America was populated by semi-arid¯oras. At this time the area of continent along the equator was at a maximum and sedimentological studies indicate that seasonal rainfall prevailed. We reiterate the suggestion that the ITCZ showed a wide seasonal excursion during this time (Ziegler et al. 1987) and we add that the total precipitation may have been limited because of the magnitude of the continent.
It has been implied that the rainforests originated in the Late Cretaceous (Morley 2000) , and, in view of the above discussion, we would modify this statement with the words`modern' and`angiosperm-dominated' rainforests. Evidently, the opening of the South Atlantic and the transgression of the seas had reached a point by the Late Cretaceous that rainforests were common along the equator in South America and Africa. This has been established by simply matching the palyno¯oras with modern denizens of the rainforests, while the existence of everwet climates in the Late Cretaceous is con®rmed by the appearance of coals. By the early Tertiary this equatorial rainforest belt was joined by temperate latitude equivalents in both hemispheres, although the taxonomic composition of each belt is distinct, re¯ecting the geographic isolation due to the intervening desert zones. The term tropical' has been applied to the Temperate Zone occurrences and Morley (2000) has modi®ed this tò Boreotropical'. We feel the term`temperate rainforest' is satisfactory because the¯oras are taxonomically distinct from their equatorial counterparts, and they must have experienced some seasonality in terms of the annual zenith angle variation. After all, temperate swamps of the Gulf Coast today contaiǹ tropical' forms like palms and crocodilians, yet we still refer to them as`temperate'. They receive precipitation daily and they would differ from their early Tertiary counterparts in lacking the cold intrusions of polar air in the winter. By the late Tertiary, these Temperate Zone rainforests were diminished, and the tropical equivalents prevailed as today.
In this paper we have stressed the ways in which tropical diversity is dependent on factors other than temperature. This is simply because temperatures suf®cient for life occur throughout the tropics and subtropics today, while this wide latitudinal belt contains communities, marine and terrestrial, that span the range from the lowest to the highest diversities found on Earth. On the land surface the most diverse and productive forests occur where precipitation is continuous through the annual cycle, and such areas depend on geographical con®gurations that serve to`dampen' the natural seasonal tendency of the climate. Maritime climates have this effect while continental climates, related to collisions or low sea level stands, do not favour high tropical productivity or diversity. In the ocean, diversity is favoured by light penetration to the sea¯oor, while high biological productivity is observed in the planktonic communities. Photophilic communities thrive in areas of downwelling, while the opposite is true of the nutrient-dependent surface communities. These contrasting life styles occupy opposite sides of the same oceans and indicate the importance of variations in longitude rather than simply latitude. 
